peritoneal cavity-have been reported in 10%-30% of cases of shunt failure. 9, 14, 22 The way the catheter is inserted seems to play a major role in subsequent failure. The classic mini-laparotomy requires closing of the peritoneal entry point around the catheter, carrying the risk of catheter ligation or secondary dislocation into the subcutaneous tissue. Visualization of the peritoneal cavity through minilaparotomy is generally poor, and catheter placement in obese patients and patients with adhesions owing to previous abdominal surgery presents an additional challenge. 1, 33 An alternative to mini-laparotomy in patients undergoing VP shunt surgery is the laparoscopic placement of the peritoneal catheter, as described by Basauri and colleagues in 1993. 5 Retrospective series have since suggested an advantage in terms of operation duration, length of hospital stay, and rate of distal shunt dysfunction (and thus potentially overall shunt dysfunction) compared with mini-laparotomy, with very low risk for surgical complications such as viscus perforations. 3, 5, 7, 8, 13, 15, 16, 20, 24, 26, 34 Laparoscopic shunt placement is hypothesized to have several advantages over the classic mini-laparotomy: 1) the peritoneal wall is only punctured, rather than incised, making fixation of the catheter, and therefore the potential danger of catheter ligation, obsolete; 2) there is no subcutaneous pouch into which the catheter can slip; 3) insertion of the catheter and its placement in the lesser pelvis are visually controlled by the intraperitoneal camera, making misplacement virtually impossible; and 4) presence of CSF flow through the catheter can be visually controlled after final catheter placement.
Evidence for these possible advantages of laparoscopic surgery over mini-laparotomy for VP shunt placement has been, until now, based on nonrandomized studies, in which the inherent selection bias may have influenced the outcomes.
Hence, our aim was to test our hypothesis that the use of laparoscopic VP shunt surgery decreases the rate of shunt complications and failures compared with classic mini-laparotomy surgery in a prospective, randomized controlled trial.
Methods
This was a single-center, parallel-group, randomized controlled trial conducted at the Bern University Hospital, Bern, Switzerland, between March 2007 and May 2011. Eligible patients met these criteria: 1) were age 18 years or older, 2) had either newly diagnosed hydrocephalus necessitating VP shunt placement or shunt malfunction necessitating VP shunt revision and replacement of the peritoneal catheter, and 3) provided written informed consent. Exclusion criteria were pregnancy, inability to provide informed consent, estimated survival less than 12 months, inability to communicate, or a remote location that complicated follow-up (e.g., patients living abroad). Only patients who were eligible for inclusion on the basis of these criteria and were scheduled to receive a new shunt system were randomized. Data were collected perioperatively and at 6 weeks, 6 months, and 12 months after surgery. The outcomes of the trial and corresponding analyses were prespecified in the study protocol. The local ethics commission approved the study. We complied with CONSORT (Consolidated Standards of Reporting Trials, www.consort-statement.org) in reporting on this trial. This study was registered with the ClinicalTrials. gov database (http://clincaltrials.gov) and its registration number is NCT01739179.
Outcomes
The primary endpoint was the overall rate of shunt malfunction requiring revision during 12 months of follow-up. Secondary endpoints were: 1) rate of overall shunt failure at 6 weeks and at 6 months and rate of distal shunt malfunction requiring revision at 6 weeks, 6 months, and 12 months; 2) time to resumption of full oral food intake, defined as the time (in days) until the patients were able to eat a standard meal provided by the hospital kitchen; 3) analgesic (nonsteroidal anti-inflammatory drug [NSAID]) use as evaluated on Day 5 postoperatively; 4) duration of the operation, defined as the time from the first incision to closure of all incisions; 5) duration of hospital stay, defined as day of admission until discharge from the neurosurgical ward; 6) time to recovery of full mobility, defined as number of days until the patient could move around without any support; and 7) correct proximal and distal catheter positioning. A brain CT scan was obtained following surgery to verify the correct positioning of the ventricular catheter in the frontal horn of the lateral ventricle. Anteroposterior and lateral cranio-abdominal radiographs were obtained using a Lodox low-dose X-ray scanner (Statscan Critical Imaging System, Lodox Systems) to check for integrity of the shunt and correct positioning of the distal tip of the catheter in the abdominal cavity, as well as to rule out kinking of the catheter. 6 Patient screening and selection for study inclusion, data collection, and follow-up examinations were performed by neurosurgeons of the Bern University Hospital Department of Neurosurgery.
Sample Size
Based on previous literature, 9, 14, 22 an overall shunt failure rate of 20% at 12 months was estimated for mini-laparotomy distal shunt placement. A reduction of the rate to 5% in the laparoscopic group was considered clinically relevant. Assuming a Type I error rate of 0.05, 60 patients were needed in each arm of the trial to detect a difference of this magnitude with 80% power in a 1-sided test.
In cases of suspected shunt failure, a head CT scan and a cranio-abdominal Lodox scan were performed to confirm the clinical suspicion and to identify catheter misplacement, dislocation, or disconnection. The reason for shunt failure was assessed based on these imaging studies and on intraoperative findings. CT and Lodox scans were repeated after revision surgery.
randomization
Once a patient had been identified for inclusion and informed consent obtained, randomization was performed by the treating neurosurgeon on site using sealed, opaque, sequentially numbered envelopes containing the allocation information. The allocation schedule was based on computer-generated random numbers. Patients were as-signed on a 1:1 basis to mini-laparotomy or laparoscopic distal shunt placement.
Surgical technique

Proximal Shunt Placement
Protocol required the proximal shunt to be inserted and positioned according to a previously established, standardized procedure. 2 A single prophylactic dose of cefuroxime was administered intravenously at induction of anesthesia, at least 30-45 minutes prior to skin incision. Following skin incision, the ventricular catheter was inserted at Kocher's point, 12 cm posterior to the nasion and 3 cm from the midline, preferably on the right side. The catheter was tunneled to the designated valve site behind the ipsilateral ear. A thread, tunneled from the abdominal entry site toward the retroauricular area, was used to pull the catheter through to the abdomen. All patients received programmable valves. The brand of valves was changed-for reasons unrelated to the study-from Codman-Hakim programmable valves to Miethke programmable valves after the initial 53 cases.
The cranial part of surgery and the abdominal part in the mini-laparotomy group were performed by a boardcertified neurosurgeon or a senior resident under supervision. A board-certified visceral surgeon or senior resident under supervision performed the abdominal surgery in the laparoscopic arm of the study.
Distal Shunt Placement in the Mini-Laparotomy Group
A 5-cm right-sided paraumbilical skin incision was made, and the underlying tissues were separated to expose the deep fascia. A VP shunt catheter was tunneled from the cranial location to the abdominal entry point. Pumping the valve controlled for adequate CSF outflow. The catheter length was adjusted so that 25 cm of catheter remained in the peritoneal cavity. The deep fascia and peritoneum were incised, and the distal catheter tip was inserted into the peritoneal cavity in a craniocaudal direction. The catheter was fixed and the peritoneal opening closed by means of a purse-string suture.
Distal Shunt Placement in the Laparoscopic Group
A periumbilical incision was made to allow introduction of a 12-mm camera trocar. In the later study stages a 5-mm camera became available, allowing for a smaller incision. The pneumoperitoneum was established either by use of the Veress needle or by means of a mini-laparotomy with the Hasson technique, 10 according to the preference of the surgeon. A 1-cm skin incision was made in the right upper abdominal quadrant. The distal catheter was subcutaneously tunneled from the cranial end and externalized at the skin incision. The peritoneum was punctured under direct laparoscopic vision by a Cystofix peel-away needle as is commonly used for suprapubic cystostomy (Fig. 1) . 4 The Cystofix needle was advanced into the abdomen and the distal shunt catheter introduced in a craniocaudal direction so that a minimum of 25 cm was placed intraperitoneally. Under direct camera-enabled vision, the valve was pumped to control adequate intraabdominal outflow of CSF. The Cystofix needle was subsequently removed, and the peritoneal entry point was checked for bleeding before removal of the laparoscope. 
Statistical analysis
The overall rate of shunt malfunction was analyzed using Fisher's exact test. The analyses were based on an intention-to-treat approach, with data from all randomized patients analyzed in the group to which they were originally allocated. Kaplan-Meier survival curves were produced for visual description, and a univariate Cox regression model was fitted with treatment as the explanatory variable. The follow-up period in survival analysis was defined from the time of inclusion to the end of follow-up (12 months). A multivariate Cox model was fitted, correcting for the covariates age, body mass index (BMI), sex, primary etiology, primary shunt, American Society of Anesthesiologists (ASA) classification, operation time, and previous abdominal surgery. These variables were selected because of their clinical relevance. The covariates were used to adjust the outcomes in an adjusted logistic regression model. The proportional hazards assumption of all Cox models was assessed statistically. 30 Secondary outcomes, including distal shunt dysfunction, were analyzed using Fisher's exact test, a logistic regression model for binary outcomes, or a linear regression model for continuous outcomes. As additional analyses, these outcomes were corrected for the additional explanatory variables. For participant characteristics, means and proportions of variables were calculated.
A p value < 0.05 was considered statistically significant. Data analyses were performed with Stata for Windows, version 12.0 (StataCorp LP).
Departures from the initial published protocol included: 1) adding the rate of distal shunt dysfunction as a secondary outcome (added after study start), 2) removing the secondary outcome variable of time to resumption of full oral food intake (which turned out to be impractical due to improper documentation of when a first "proper" meal was taken), 3) removing the secondary outcome variable of quality of life (because of missing data due to insufficient data collection), and 4) adding a secondary time-toevent analysis (all added during final analysis).
results
A total of 174 eligible patients were screened for inclusion, 54 of whom were excluded according to inclusion/ exclusion criteria. The main reasons for exclusion were age < 18 years (n = 13), inability to communicate (n = 8), estimated survival < 12 months (n = 8), failure to obtain written consent (n = 7), and foreseeable postoperative follow-up difficulties due to geographic considerations (n = 6). The remaining 120 patients were randomized in a 1:1 ratio. Figure 2 presents the disposition of participants throughout the trial. Sixty patients were allocated to laparoscopic surgery and 60 to mini-laparotomy. All patients in the mini-laparotomy group received treatment as allocated. Two patients in the laparoscopic group did not undergo laparoscopic surgery: one patient received a mini-laparotomy because the visceral surgeon on call was unavailable, and another patient refused intervention and follow-up after randomization. All patients were followed until the 12-month follow-up visit or death, except for the one patient who refused further participation in the study. The majority of early deaths (within the first 6 weeks after VP shunt placement) occurred as a direct consequence of a subarachnoid hemorrhage or traumatic brain hemorrhage, whereas later deaths were mainly due to rapid cancer progression or recurrence.
The 2 groups had similar clinical characteristics at baseline, with the majority of patients receiving their first VP shunt (116 [97%] of 120 patients). The indications for VP shunt placement were similar for the 2 groups, with subarachnoid hemorrhage and tumor being the most frequent causes of hydrocephalus ( Table 1) .
The overall rate of shunt failure was higher in the mini-laparotomy group at the 6-week follow-up assessment (Fig. 3 ), but this difference was not statistically significant at 12 months, with failure rates of 15.0% (n = 9) in the laparoscopic group and 18.3% (n = 11) in the minilaparotomy group (p = 0.404, Fisher's exact test; Table 2 ). Figures 3 and 4 show Kaplan-Meier curves of cumulative overall and distal shunt malfunction, respectively, requiring surgical intervention over the entire 12-month study period. The crude hazard ratio for overall shunt failure was 1.15 (95% CI 0.44-2.97), but it was not statistically significant (p = 0.78). The age-adjusted hazard ratio was 1.34 (95% CI 0.51-3.53).
The rate of distal shunt failure differed significantly between the 2 groups, with 5 shunt revisions for distal shunt failure (8%) in the mini-laparotomy group, compared with no distal shunt failures (0%) in the laparoscopic group (p = 0.029; Table 2 ). Patients with distal shunt failures were similar to patients without distal shunt failures in terms of age, duration of surgery, BMI, and previous abdominal surgery (Table 3) . Three patients in the mini-laparotomy group (5%) underwent revision for shunt infection compared with 1 patient (1.7%) in the laparoscopic group. Correct intracranial catheter positioning was confirmed in all patients in the mini-laparotomy group, whereas 2 patients in the laparoscopic group required an early surgical revision due to incorrect proximal catheter positioning (p = 0.244, Fisher's exact test; Table 4 ). No disruption of the catheter in its subcutaneous run or abdominal dislocation and kinking were detected in the postoperative imaging in either group. One patient from each group underwent removal of the peritoneal catheter and conversion of the VP shunt to a ventriculoatrial shunt because of abdominal pain. The patient from the mini-laparotomy group had undergone 2 previous abdominal surgeries and then underwent shunt conversion surgery 24 days after the VP shunt surgery that was performed as part of the current study. This patient remained pain free after shunt conversion and was still pain free 12 months afterward. The patient from the laparoscopic group had undergone 6 previous abdominal surgeries, underwent additional surgery 132 days after initial VP shunt implantation, and reported persisting abdominal pain at 12 months' follow-up. We did not observe any abdominal pseudocyst formation.
Conversion of laparoscopic surgery to laparotomy was necessary in 2 patients due to accidental injuries to the small bowel (enterotomies). The injuries, which were due to adhesions of the bowel to the peritoneal wall, occurred during the initial approach to the peritoneum prior to insertion of the camera and the Cystofix peel-away needle. Both patients had undergone previous abdominal surgery: an operation for colorectal cancer in one case and previous explorative laparotomy for abdominal trauma in the other. In both patients the shunting procedure was aborted and a mini-laparotomy was performed to repair the lesion. One patient received a ventriculoatrial shunt 3 days later. The other patient experienced significant im- provement in her hydrocephalic symptoms and did not undergo any further shunting procedures. These intraoperative complications were included in the final analysis of the overall rate of shunt failures.
Univariate analyses did not reveal statistically significant differences between the 2 groups in surgery duration, length of hospital stay, time to full mobility, time to resumption of complete solid food intake, or analgesic drug requirement (Table 4 ).
The unadjusted model showed an insignificant result for laparoscopy when shunt failure was used as the outcome (HR 1.14, p = 0.8, 95% CI 0.44-2.97). The predefined fully adjusted model failed due to the low number of events in relation to the number of parameters. Consequently, every parameter was tested with type of surgery only and was excluded if the p value was above the significance level of 0.2. Only age at surgery remained in the final model (HR 0.96, p = 0.03, 95% CI 0.94-0.99), while the treatment effect on overall shunt failure remained insignificant (HR 1.33, p = 0.6, 95% CI 0.51-3.52).
Discussion
Although regarded as a routine neurosurgical procedure, implantation of a VP shunt is prone to complications and failures. The most frequent causes of shunt failure are malposition of the cranial or peritoneal catheter, shunt obstruction, and shunt infection. As yet, there is no consensus in the literature as to what defines a shunt complication or shunt failure. 20 We therefore analyze and discuss the various events, such as intraoperative complications, distal and proximal shunt failures, and other surgery-related morbidities, separately. To our knowledge, this is the first prospective, randomized controlled trial comparing classic distal catheter placement through a mini-laparotomy with laparoscopic catheter insertion.
use of a Peel-away Needle for abdominal catheter insertion
We used a Cystofix peel-away needle for insertion of the catheter into the abdominal cavity, visually controlled from a periumbilical camera. 4 This elegant technique has several advantages compared with a mini-laparotomy approach. For insertion of the catheter, the peritoneum is not incised, as in the mini-laparotomy approach, but only punctured. Consequently, fixation of the catheter, which is known to be a risk factor for obstruction or secondary dislocation of the catheter in the mini-laparotomy approach, is not necessary. 22 Additionally, there is no artificial subcutaneous pouch into which the catheter may slip, as may be encountered after a mini-laparotomy approach. Finally, CSF flow can be visually controlled after placement of the catheter into the peritoneum, ensuring prior to wound closure that no obstruction or disconnection occurred during shunt implantation.
Overall Shunt Failure rate
There was an initial difference in the overall shunt failure rates in the 2 groups, but it had largely vanished by 12 months after shunt placement (Fig. 3) , leaving a nonsignificant trend toward lower overall shunt failure in the laparoscopic compared with the mini-laparotomy group (15% vs 18.3%, respectively; p = 0.404). The initial difference in distal shunt failure rates was diluted by proximal shunt failures, infections, and other complications. The same effect was observed by Naftel et al. in the largest retrospective report to date; however, their statistically significant difference in verified distal shunt failure did not lead to a significant difference in overall shunt failure.
20
Distal Shunt Failure (abdominal Malposition and Distal Obstruction)
Distal shunt failures may occur due to malposition of the distal catheter during surgery or due to secondary dislocation out of the peritoneal cavity into the subcutaneous fat. Such distal shunt complications are a frequent cause of shunt revision, affecting up to 10%-30% of all patients. 9, 14, 22 The lower rate of distal shunt failure after the laparoscopic procedure (0% distal failure, compared with 8% after mini-laparotomy) observed in the present study is in accordance with the literature. Bani et al. reported equally low distal failure rates in their consecutive series-0% in their laparoscopic group and 8% in their mini-laparotomy group. 4 Roth et al. reported distal shunt failure rates of 4% and 10.3% for laparoscopic and minilaparotomy methods, respectively, in a retrospective series. 25 A prospective, nonrandomized study reported rates of 4% after laparoscopic assistance compared with 12% after mini-laparotomy. 27 Hence, our study, in accordance with previous reports, shows that the problem of distal shunt failure is largely solved by the use of laparoscopy. While a visceral (or general) surgeon will have more experience working in the abdominal cavity, it seems unlikely that the type of surgical training is responsible for the differences in distal shunt failure rates. Catheter displacement or misplacement (e.g., for placement of a peritoneal dialysis catheter) is a problem equally encountered by visceral surgeons. Still, the visceral surgeon's additional expertise in abdominal approaches might have influenced our results.
reasons for Different Distal Failure rates
Age, duration of surgery, BMI, and previous abdominal surgery had no statistically significant influence on the risk of distal shunt failure in our study. Roth et al. speculated that the decreased rate of distal shunt obstructions in their laparoscopic group (4% vs 10.3% after mini-laparotomy) may have been due to less frequent dislocation out of the peritoneal cavity owing to a smaller peritoneal hole and lysing of adhesions during shunt placement. 25 Dislocation of the distal catheter out of the peritoneal cavity or inadvertent ligation of the catheter at the entry point into the peritoneum were the causes for all 5 distal shunt failures in our mini-laparotomy group. The method of entry into the peritoneal cavity is, however, the precise difference between the two surgical approaches. Distal catheter placement via mini-laparotomy will always require a slightly larger peritoneal incision to control correct catheter placement. This inevitably results in the catheter entrance point requiring some form of purse-string (or similar) suture to secure its position. On the other hand, the laparoscopic approach using a peel-away needle only pierces the abdominal wall, necessitating no closure or additional catheter fixation.
infections
Shunt infections are a frequent reason for shunt failure. Our overall infection rate of 3.3% (4 out of 120 patients) is in line with the range of infection rates of 1%-11% reported in the literature. 11, 21, 31 The influence of the laparoscopic shunt insertion technique on the rate of infection is debatable. Retrospective analyses have previously observed a trend toward either higher 4, 20 or lower 25 infection rates with a laparoscopic approach to shunt implantations than with a mini-laparotomy approach. In these studies, the reported rates of infections in laparoscopic shunt insertions ranged from 1.3% to 13.5%, and the differences from infection rates after mini-laparotomy (range 0%-12%) remained statistically insignificant. Our prospective trial adds evidence that the use of laparoscopic guidance for shunt insertion does not significantly influence infection rates.
intraoperative complications
The overall rate of intraoperative complications was 1.7%, with 2 patients in the laparoscopic group requiring a deviation from allocated surgery due to small bowel lesions. In both cases, the lesions were inflicted by experienced visceral surgeons during the initial preparation phase and prior to insertion of the Cystofix peel-away needle. Both patients had undergone previous abdominal surgery, as was the case for a third of all patients in our study (Table 3) . Damage to intra-abdominal organs remains a risk of any approach to the abdomen. Indeed, a recently published systematic review and meta-analysis comparing open to laparoscopic adhesiolysis in patients with adhesive small bowel obstruction did not show an increase in intraoperative small 17 Laparoscopy-associated small bowel lesions remain rare; van der Voort and colleagues reported rates of 0.22% gastrointestinal perforation, half of which were due to small bowel lesions.
32 Viscus perforation as a complication of laparoscopic VP shunt placement has previously been reported, 29 but the risk seems to be moderate (the rate was 0% in the largest report, which involved 475 VP shunting procedures). 20 Of note, the lesions were inflicted by senior visceral surgeons whose experience in approaches to the abdomen by far surpasses the neurosurgeons' experience. We nevertheless believe that it remains very important for the surgical team on site to make the final, patient-individualized decision as to whether the laparoscopic approach should be used.
Duration of Surgery
Although the difference was not statistically significant, we observed shorter operating times in the laparoscopic group. This may be partially explained by the presence of an additional surgeon during surgical procedures in the laparoscopic group, allowing simultaneous work on the abdominal and the cranial part of the surgery. Initially, the setup of the laparoscopic instruments required more time than expected, mainly because the neurosurgical theater staff was not familiar with the laparoscopic tools. This time lag vanished once the neurosurgical staff became familiar with the laparoscopic equipment. Availability of the laparoscopic surgeon was usually not an issue, as most patients were selected for randomization 1 day prior to the surgery, allowing for sufficient planning on behalf of the abdominal team. We had 1 single crossover from the laparoscopic to the mini-laparotomy group due to unavailability of the visceral surgeon on call.
Whether laparoscopic VP shunt placement reduces or increases operative time remains a matter of debate. A definitive increase in time spent in the operating theater, mainly due to time needed for laparoscopic setup and waiting for the general surgeon, has previously been reported. 27, 31 On the other hand, in the largest series to date, Naftel et al. reported an overall reduction in operative times. 20 The overall duration of surgery seems to depend on how familiar the neurosurgical theater staff is with laparoscopic instruments and on the availability of general surgeons. Thus we believe that a high caseload and good collaboration with colleagues from general surgery result in a reduction in the time required for surgery.
time to regain Full Mobility, analgesic requirements, and length of Stay
In general, the advantages of laparoscopic surgery over mini-laparotomy include shorter hospital stay, reduced postoperative pain, and a shorter recovery time. 18, 19, 28 However, analyses of our patients' postoperative hospital stays, time to recovery of full mobility, and analgesic requirements did not reveal significant differences between the 2 groups (e.g., mean hospital stays were 8.9 days for the mini-laparotomy group and 9.6 days for the laparoscopic group). This incongruence is likely due to patient selection; the majority of our patients required a VP shunt for bleeding-or tumor-related hydrocephalus. In this setting, hospital stay is inevitably governed and prolonged by the underlying illness and thus largely independent of the technique used for distal catheter placement. The postoperative analgesic requirement 5 days after surgery was not significantly affected by mode of distal catheter placement, as most patients required regular analgesia for pain that was not related to the site of peritoneal catheter placement.
conclusions
Reasons for VP shunt failure are numerous, and it seems unlikely that a single change of protocol will ever resolve the issue entirely. Our study reveals a significant reduction in distal catheter malfunction or failure for laparoscopic shunt insertion compared with mini-laparotomy (p = 0.03). However, the effect of this distal failure reduction was diluted in the rate of overall shunt failures (p = 0.4). Reasons for proximal malfunction, such as incorrect positioning of a ventricular catheter, reduce this positive effect to a trend toward fewer shunt failures with laparoscopic shunt insertion than with mini-laparotomy. Another potential advantage of the laparoscopic approach lies in a trend toward fewer 
